Inhibitory control or the ability to refrain from incorrect responses is a critical executive function known to diminish during aging. Imaging studies have elucidated cerebral changes that may underlie the age-related deficits. However, it remains unclear whether the structural and functional changes occur in the same brain regions and whether reduced gray matter volumes (GMV) mediate decreased activation during inhibition. Here, in a sample of 149 participants, we addressed the issues using structural and functional magnetic resonance imaging. Individual's response inhibition was evaluated by the stop signal reaction time (SSRT) in a stop signal task.
dorsolateral prefrontal, temporal, and parietal cortical regions, hippocampus, and the caudate nucleus (Bourisly et al., 2015; Dennis, Daselaar, & Cabeza, 2007; Fjell & Walhovd, 2010) . Other areas including the cerebellum and thalamus appeared to be relatively spared (Bergfield et al., 2010) . Importantly, volumetric brain reduction was associated with deteriorated cognitive performance in older adults (Fleischman et al., 2014; Kramer et al., 2007; Salthouse, 1996) . For instance, older adults performed poorly in signal detection in a rapid visual information processing task, in association with decreased GMV in the left putamen and insula (Pagnoni & Cekic, 2007) . Many studies supported a link of higher PFC GMV to better performance in executive control (Elderkin-Thompson, Ballmaier, Hellemann, Pham, & Kumar, 2008; Gunning-Dixon & Raz, 2003; Sakai et al., 2012) , processing speed (Staff, Murray, Deary, & Whalley, 2006) , and fluid knowledge (Fjell et al., 2006) in old adults (Kaup, Mirzakhanian, Jeste, & Eyler, 2011) .
In functional imaging, inhibitory control has been studied with different behavioral paradigms including the stop signal task (SST). In the SST participants respond to a frequent go signal and withdraw their response when instructed by a stop signal. Older adults demonstrated impaired inhibitory control as represented by prolonged stop signal reaction time (SSRT) in the SST (Bloemendaal et al., 2016; Coxon et al., 2016; Hsieh & Lin, 2017; Sebastian et al., 2013) . Aging was associated with lower frontal cortical activations during inhibitory control (Coxon et al., 2016; Hu, Chao, Winkler, & Li, 2012; Sebastian et al., 2013) , providing a unique opportunity to examine the structurefunction relationship. Other studies have reported not only decreased PFC GMV and activation (Brassen et al., 2009; Nyberg et al., 2010) , but also lower GMV and greater activation of the PFC (see also Di, Rypma, & Biswal, 2014 for a meta-analysis; Kalpouzos, Persson, & Nyberg, 2012; Tyler et al., 2010) in older adults exposed to cognitive challenges. Investigators have suggested the latter findings as a compensatory mechanism of older adults to improve performance (Maillet & Rajah, 2013) . Overall, the structure-function relationship may depend on task performance, and the investigation of intersubject variation may provide important clues to addressing this issue.
Here, combining magnetic resonance imaging (fMRI) and an SST, the current study investigated both structural and functional changes and their interrelationship with diminished inhibitory control during aging. We posited age-related volumetric reduction as well as lower activation during inhibitory control in frontal and parietal areas and tested two specific hypotheses in relation to structure and function. First, reduction in GMV leads to lower cortical activations and, as a result, deficits in response inhibition, as reflected in prolonged SSRT. Second, lower GMV and altered functional activations are related independently to deficits in response inhibition, either because different brain regions are involved or because the same brain regions are involved but with unrelated structural and functional changes during aging.
| METHODS

| Participants and behavioral task
A total of 149 adults (83 women) between the age of 18 and 72 (31.6 AE 11.9) years participated in the study. All participants were physically healthy with no major medical illnesses or current use of prescription medications. None of them reported having a history of head injury, neurological, or psychiatric illness. All participants signed a written consent after given a detailed explanation of the study in accordance with a protocol approved by the Yale Human Investigation Committee.
All participants performed a stop signal task (SST) in which go and stop trials were randomly intermixed in presentation with an intertrial interval of 2 s Hu, Ide, Zhang, & Li, 2016; Hu, Tseng, Winkler, & Li, 2014) . A fixation dot appeared on the screen to signal the beginning of each trial. After a fore-period varying from 1 s to 5 s (uniform distribution), the dot became a circle, the "go" signal, prompting participants to press a button quickly. The circle disappeared at button press or after 1 s, if the participant failed to respond. In approximately one quarter of trials, the circle was followed by a "cross," the stop signal, prompting participants to withhold button press. The trial terminated at button press or after 1 s, if the participant stopped the response successfully. The time between the go and stop signals, the stop signal delay (SSD), started at 200 ms, and varied from one stop trial to the next according to a staircase procedure, increasing and decreasing by 67 ms each after a successful and failed stop trial (Levitt, 1971) . With the staircase procedure, we anticipated that participants would succeed in stopping half of the time. Participants were trained briefly on the task before imaging to ensure that they understood the task. They were instructed to press the button quickly when they saw the go signal while keeping in mind that a stop signal might come up in some trials. In the scanner, they completed four 10 min sessions of the task, with approximately 100 trials in each session.
| Behavioral data analysis
A critical SSD was computed for each participant that represents the time delay required for the participant to withhold the response successfully in half of the stop trials, following a maximum-likelihood procedure (Wetherill, Chen, & Vasudeva, 1966) . Briefly, SSDs across trials were grouped into runs, with each run being defined as a monotonically increasing or decreasing series. We derived a mid-run estimate by taking the median SSD of every second run. The critical SSD was computed by taking the mean of all mid-run SSDs. It was reported that, except for experiments with a small number of trials (30), the mid-run measure was close to the maximum-likelihood estimate of ×50 (50% positive response; i.e., 50% SS in the SST; Wetherill et al., 1966) . The stop signal reaction time (SSRT) was computed for each participant by subtracting the critical SSD from the median go trial reaction time (Logan, Cowan, & Davis, 1984) . A longer SSRT suggests lesser capacity of inhibitory control. These mean images were co-registered with the high-resolution structural image and then segmented for normalization to an MNI (Montreal Neurological Institute) EPI template with affine registration followed by nonlinear transformation (Ashburner & Friston, 1999; . Finally, images were smoothed with a Gaussian kernel of 8 mm at Full Width at Half-Maximum. Images from the first five TRs at the beginning of each session were discarded so only signals with steady-state equilibrium between radio frequency pulsing and relaxation were included in the analyses.
| MRI protocol and spatial preprocessing of brain images
| General linear models and group analyses
We distinguished four trial outcomes, go success (GS), go error (GE), stop success (SS), and stop error (SE), and modeled BOLD signals by convolving the onsets of the go signals of each trial with a canonical hemodynamic response function (HRF) and the temporal derivative of the canonical HRF , 2000) . The data were high-pass filtered (1/128 Hz cutoff ) to remove low-frequency signal drifts.
In the first-level analysis, a contrast of "stop success > go success" (SS > GS) was made for individual participants. 
| Voxel-based morphometry
Voxel-based morphometry was performed using the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) packaged in SPM 8. T1 images were first co-registered to the Montreal Neurological Institute or MNI template space using a multiple stage affine transformation, during which the 12 parameters were estimated. Co-registration started with a coarse affine registration using mean square differences, followed by a fine affine registration using mutual information. In this step, coefficients of the basis functions that minimize the residual square difference (between individual image and the template) were estimated. After affine transformation, T1-images were corrected for intensity bias field and a local means denoising filter was applied, to account for intensity variations (inhomogeneity) and noise caused by different positions of cranial structures within the MRI coil. Finally, the images were segmented into cerebrospinal fluid, gray and white matters, using an adaptive maximum a posteriori method with kmeans initializations, as implemented in VBM8, generating tissue class maps (which included the gray matter or GM maps). Segmented and the initially registered tissue class maps were normalized using DAR-TEL, a fast diffeomorphic image registration algorithm of SPM. As a high-dimensional nonlinear spatial normalization method, DARTEL generates mathematically consistent inverse spatial transformations.
We used the standard customized tissue probability maps constructed from 550 healthy subjects to drive DARTEL normalization. Normalized GM maps were modulated to obtain the absolute volume of GM tissue corrected for individual brain sizes. Finally, the GM maps were smoothed by convolving with an isotropic Gaussian kernel. Smoothing helps to compensate for the inexact nature of spatial normalization and reduces the number of statistical comparisons (thus, making the correction for multiple comparisons less severe); however, it reduces the accuracy of localization. We used a smaller kernel size of FWHM = 8 mm to enable better localization accuracy.
In group analysis, we employed a linear whole-brain regression to identify voxels with GMV in correlation with age and SSRT in two separate models. We did not include age and SSRT in the same regression model because the two variables were correlated (see section 3).
As with BOLD data, we reported voxels meeting a threshold of voxel p < .05, corrected for familywise error (FWE) of multiple comparisons, or voxel p < .001 uncorrected in combination with cluster p < .05, FWE corrected.
| Mediation analysis
We performed mediation analyses to test the hypothesis that regional GMV and activations each mediates the association between the age and SSRT, and the hypothesis that regional GMV mediates the association between age and activation to inhibitory control, using the toolbox M3 developed by Wager and Lindquist (http://www.columbia.edu/cu/psychology/tor/). The methods were detailed in our previous work (Ide & Li, 2011) . Briefly, in a mediation analysis, the relation between the independent variable X and dependent variable Y, that is, X ! Y, is tested to see if it is significantly mediated by a variable M. The mediation test is performed by using three regression equations: 
| Structural changes during aging
We computed the mean whole-brain GMV for individual participants.
In linear regressions whole-brain GMV was correlated with age (r = −.6587, p = .0000) and SSRT (r = −.2352, p = .0039). Age-related reduction in areal GMV was identified with whole-brain linear regression in medial and lateral frontal cortical regions, middle cingulate gyrus, bilateral insula extending to inferior frontal cortex, temporal cortical regions, parietal and occipital cortex, basal ganglia, basal forebrain, and cerebellum ( Figure 2a , Table 1 ). In another whole-brain regression, lower GMVs of bilateral insula, right caudate head and right inferior and middle frontal gyri (IFG/MFG) were associated with longer SSRT (Figure 2b , Table 1 ). Next, we identified clusters that showed reductions in GMV in linear correlation both with age and with SSRT. Specifically, in voxel-wise linear regression against SSRT, we examined the results with inclusive masking of the voxels that were significantly correlated with age. These clusters included bilateral insula, right caudate head, and right DLPFC, involving largely the same voxels without masking (Figure 2c , Table 1 ). In mediation analysis, we showed that reduction in the GMV of these regions completely mediated the age-related differences in SSRT (Figure 2d ).
| Regional activations to inhibitory control during aging
To examine age-related differences in the functional correlates of inhibitory control, we performed linear regressions of the contrast "stop success (SS) > go success (GS)" on age and SSRT, respectively.
As age and SSRT were significantly correlated, they were not included in the same regression model. We examined these results, focusing only on the voxels that showed a significant difference in SS > GS in one-sample t test for the whole-brain (Figure 3a) . The results showed age-related increases in activation in the right middle occipital gyrus (MOG), and decreases in activation in the medial prefrontal cortex (MPFC) including the anterior presupplementary motor area (pre- Table 2 ). We identified clusters that showed both age and SSRT-related reduction in activation; that is, clusters that showed linear correlation both with age and with SSRT. Specifically, in voxel-wise linear regression against SSRT, we examined the results with inclusive masking of the voxels that were significantly correlated with age. The results showed clusters in the MPFC, including the preSMA and ACC, right IFGpo/AI, as well as bilateral IPL (Figure 3d , Table 2 ). In mediation analysis, right IFGpo/AI activation completely mediated the correlation between age and SSRT, and MPFC activation partially mediated the correlation between age and SSRT (Figure 3e ).
To address the issue whether the age-related change (in Figure 3b ) may reflect higher activation to GS but not SS, we performed age correlation each on SS and GS beta weights for each region. The results showed that SS beta weights were correlated negatively with age for all regions (R IFGpo/AI: r = −.2945, regions that have previously been implicated in response inhibition (Cai et al., 2016; Duann, Ide, Luo, & Li, 2009; Sharp et al., 2010) . Both GMV's and BOLD contrasts of the IFGpo/AI and MPFC mediated age-related differences in SSRT. Further, reduction in GMV mediated age-related reduction in activation during response inhibition in the MPFC. We highlighted these main findings in the discussion.
| Relationship between age-related differences in GMV and BOLD contrast
| Age-related decrease in activation to inhibitory control
The results showed age-related decreases in activation during inhibitory control (stop success > go success) in a network of brain regions including the pre-SMA, right IFGpo/AI, and bilateral IPL, consistent with previous research of the SST (Bloemendaal et al., 2016; Coxon et al., 2016; Sebastian et al., 2013) . For instance, Coxon et al. (2016) showed age-related decreases in activation of the preSMA, caudate, putamen, right cingulate cortex during inhibitory control in a modified SST involving bimanual response. In particular, the right IFGpo/AI Abbreviations: MPFC/LPFC = medial/lateral prefrontal cortex; mCC = middle cingulate cortex; PreCG = precentral gyrus; OFC = orbitofrontal cortex; BG = basal ganglia; CBL = cerebellum; TG = temporal gyrus; MOG = middle occipital gyrus; STG = superior temporal gyrus; MFG/IFG = middle/inferior frontal gyrus; Inf = infinity; neg. = negative correlation.
activation was only present in young but not older adults. However, some studies have reported age-related increases in activations in fronto-striatal regions during inhibitory control (Hong, Sun, Bengson, & Tong, 2014; Langenecker & Nielson, 2003; Vallesi, McIntosh, & Stuss, 2011) , mostly in the go/no-go task. Sebastian et al. (2013) examined age-related differences in go/no-go, Simon, and stop signal tasks, and reported age-related increases in activation in the go/no-go and Simon tasks but decreased activation in the SST, especially in the IFGpo/AI and pre-SMA. Importantly, inhibitory control as indexed by commission errors was not correlated with age in go/no-go or Simon task; in contrast, SSRT was correlated positively with age. The authors suggested that the SST was the most challenging among the three tasks because participants needed to cancel an ongoing motor response. Thus, age-related over-activation in the other two tasks may reflect a compensatory process to support behavioral performance. The current results thus accord with previous work, in support of an inhibition process that is more demanding and less amenable to functional compensation in the SST during aging.
We contrasted successful stop and go trials, in that this contrast captures the saliency process evoked by the stop signal that is necessary to elicit the inhibitory process (Cai et al., 2016; Duann et al., 2009; Hu, Zhang, Chao, Krystal, & Li, 2016) . Two SST studies reported age-related increases in activations in the motor and frontal regions when inhibitory control was examined by contrasting successful and unsuccessful stop trials (Bloemendaal et al., 2016; Kleerekooper et al., 2016) . However, these age-related differences in activations were not correlated with behavioral performance. In fact, in the work of Bloemendaal et al. (2016) , the authors also reported age-related decreased activation in the fronto-striatal regions with a contrast of successful stop and go trials. These considerations suggest the importance of carefully evaluating the various fMRI contrasts that target seemingly the same psychological construct in imaging studies. 
| Gray matter volumetric reduction in association with aging and reduced inhibitory control
Age-related cerebral atrophy occurs predominantly in the prefrontal cortex, subcortical, and medial temporal areas, in link with age-related decline in cognitive, motor, and memory functions (Fjell, McEvoy, Holland, Dale, & Walhovd, 2014; Hoffstaedter et al., 2015; Raz et al., 2005) . The current patterns of age-related reduction in cerebral GMV mirrored this literature. In relation to behavioral performance, GMVs of bilateral insula and right MFG decreased both with age and in association with prolonged SSRT, in accord with previous research linking GMV of the frontal/insular system to age-related cognitive decline (Muller, Merillat, & Jancke, 2016 ). An earlier study of young adults reported better performance in interference control in a flanker's task in those with greater GMV in the right MFG and bilateral insula , suggesting that the contribution of PFC and insula GMV to cognitive performance may not be limited to older adults.
Reduction in GMV of the right caudate head also mediated agerelated impairment in inhibitory control. Interconnected with prefrontal cortical structures, the caudate nucleus has been implicated in a wide range of cognitive functions (Haber, 2016; Zhang, Ide, & Li, 2012) . Studies have also reported volumetric changes of the caudate in neurological and psychiatric conditions, including mild cognitive impairment (Moretti, Paternico, Binetti, Zanetti, & Frisoni, 2012 ) and Alzheimer's disease (Jiji, Smitha, Gupta, Pillai, & Jayasree, 2013; Yang, Pan, Song, & Shang, 2012) , but the literature of healthy aging is
sparse. An earlier study reported volumetric reduction of the right caudate in relation to association memory deficits in older healthy adults (Bauer, Toepper, Gebhardt, Gallhofer, & Sammer, 2015) . The current findings add to this literature by demonstrating an additional role of caudate GMV in inhibitory control.
| Structural and functional changes in the aging brain
The relationship between structural and functional changes is complex. GMV decrement can result from loss of neurons, synaptic connections, glia, and cerebrospinal fluid (Fjell & Walhovd, 2010) , which may not all be reflected in functional changes during aging.
Nonetheless, without considering behavioral performance in the SST, age-dependent differences in activation to inhibitory control appeared to be largely confined to structures that demonstrated reduction in GMV, paralleling recent findings in structural and functional connectivity (Zimmermann et al., 2016) . We identified brain regions where GMV and BOLD activations were correlated with age-related differences in inhibitory control. Mediation analyses showed that the GMV completely mediated age-related differences in BOLD activations in the medial PFC (Figure 4b ), highlighting a potential case of structural determinant of functional activity. On the other hand, age-related gray matter shrinkage is not necessarily linear (Fjell et al., 2014; Fotenos, Snyder, Girton, Morris, & Buckner, 2005; Terribilli et al., 2011) , and Pearson regression may not capture nonlinear relationships between age-related differences in structure and function. Further, individual brain regions partake in multiple cognitive functions (Park & Friston, 2013; Sala-Llonch, Bartres-Faz, & Junque, 2015) , and one cannot rule out the possibility that the brain regions not showing a structure-function correlation in inhibitory control may demonstrate such a relationship in other capacities.
Earlier studies have examined the structure-function relationship in the aging brain. Both dorsomedial PFC (DMPFC) and dorsolateral PFC (DLPFC) showed age-related reduction in GMV and increases in BOLD activations in participants performing a working memory task (Kalpouzos et al., 2012) . GMV reduction was correlated with over-activation in the DLPFC but not DMPFC as a compensatory process to support performance. In face recognition, older adults showed poorer behavioral performance and a correlation between lower GMV of the right middle frontal gyrus (MFG) and increased parahippocampal activation (Rajah et al., 2010) . In another study, GMV was associated with PFC activation to face recognition across young and old participants; however, in older adults only, lower PFC GMV was associated with increased activation in the medial temporal lobe Abbreviations: MOG = middle occipital gyrus; IFGpo/AI = inferior frontal gyrus pars opercularis/anterior insula; IPL = inferior parietal lobule; ACC/MCC = anterior/middle cingulate cortex; MTG = middle temporal gyrus; OG = occipital gyrus; SFG/MFG = superior/middle frontal gyrus; pre-SMA = presupplementary motor area.^= peak voxel p value. L = Left; R = Right; pos. = positive correlation; neg. = negative correlation. (Brassen et al., 2009 ). Steffener and colleagues demonstrated decreased GMV and increased activations in the frontal, parietal, and cerebellum areas along with higher switch cost (indicative of deficits) during task switching in the elderly (Steffener et al., 2016) . In a review of multiple behavioral tasks, Di et al. (2014) reported a relationship between decreased GMV and increased activation in the DLPFC. Together, reduction of frontal GMV seems accompanied predominantly by increases in activation, whether in the same frontal or other regions, as a mechanism of functional compensation. Notably, the abovementioned findings were obtained largely from behavioral tasks that demand working memory, in contrast to the SST. Here, we showed greater right MOG activation to response inhibition, along with age-related decreases in GMV and activation of a wide swath of cortical regions, again in contrast with studies that involve working memory (Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008; Grady, 2012; Li et al., 2015; Nyberg et al., 2010) . Combined studies of the SST and a working memory task would confirm the influence of behavioral paradigm on the structural and functional brain changes during aging.
| Limitations of the study and conclusions
There are a few limitations to consider. First, the current study was based on a convenience sample with only 18 participants over 50 years of age. Second, participants were engaged in a single behavioral task, and age-related differences in structure and function were addressed only in relation to response inhibition in the SST. Thus, the current findings need to be replicated with a larger sample of older adults and extended with more behavioral tests. Third, age-dependent differences in regional volume and activation may not be linear, and studies are warranted to investigate nonlinear, including quadratic, models of change (Narvacan, Treit, Camicioli, Martin, & Beaulieu, 2017 ). Finally, we described shared and distinct functional and structural correlates solely in terms of whether the voxels overlapped in GMV and BOLD results. It is possible that changes in local structure may affect the functions of nonoverlapping regions, an issue that needs to be investigated further with structural and functional connectivity analyses. In conclusion, aging-related deterioration in inhibitory control, as evaluated by the stop signal reaction time, is associated with distinct changes in regional morphometry and activations to inhibitory control. Although the reduction of many brain 
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